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Introduction
Over five decades ago, Löwdin recognized that Watson-Crick (WC) base pairing opens the possibility for proton or hydrogen (H) atom transfer across the intermolecular Hbonds of DNA. 1 This seminal work proposed that such behavior could offer a route to mutation by generating so-called 'rare' nucleobase tautomers within the double helix.
In its most recent guise, the debate surrounding H-atom transfer in DNA has predominately stemmed from theoretical studies, which instead postulated that ultrafast interstrand electron-driven proton transfer (EDPT) -inter-base electron-transfer followed by proton transfer, 2 resulting in the net exchange of a H-atom -contributes to the prevention of mutagenic photolesions in DNA excited by absorption of UV radiation. [3] [4] [5] [6] Despite extensive prior study of DNA photodynamics, [6] [7] [8] [9] the question of whether UV-induced EDPT is active in WC base pairs has until very recently remained contentious from an experimental perspective. [10] [11] [12] [13] [14] [15] [16] Experimentally, guanine-cytosine (G•C) WC pairs have received the most attention with respect to EDPT dynamics. 10, 11, 14, [16] [17] [18] Recent ultrafast transient electronic absorption spectroscopy (TEAS) and transient vibrational absorption spectroscopy (TVAS) results from our research group revealed that, following 260 nm excitation, G•C WC pairs in chloroform undergo a sequence of EDPT processes within 2.9 ps, forming a double H-atom transferred photoproduct with a quantum yield of ≤10%.
14 These findings verified predictions from a number of prior computations. 3, [19] [20] [21] TVAS measurements by both Bucher et al. 12 and Zhang et al. 13, 15 investigated the role of EDPT pathways in DNA duplexes in aqueous solution. The latter study concluded that, for duplexes containing only G•C pairs, a 'hybrid' EDPT process occurs, involving interstrand proton transfer after initial UV-induced intrastrand, inter-base chargetransfer (CT). 13, 15 Very recently, Zhang et al. also postulated that purely interstrand EDPT could be active in chemically modified, cyclic DNA mini-duplexes containing G•C. 16 This purely interstrand process is akin to the first ultrafast EDPT step observed in individual G•C WC pairs, 14 and the results highlight that both base pair sequence and local structure within the duplex play a critical role in determining the nature of UVinduced EDPT processes for natural DNA.
Analogous to G•C, theoretical studies have also predicted that both single and/or sequential double EDPT pathways may be active in individual adenine-thymine (A•T) WC pairs after UV excitation. 5, [22] [23] [24] [25] [26] [27] However, unlike G•C, there is some debate regarding the stability of the imino-enol tautomer pair of A•T resulting from double Hatom transfer 23, 28 and whether EDPT is enhanced when A•T is placed in polar solvents. 6 Zhang et al. invoked hybrid EDPT pathways to be active in DNA duplexes containing only A•T, 13 but the role and dynamics of EDPT across H-bonds in individual, solvated A•T WC base pairs remain experimentally unexplored. The origins of this apparent oversight predominantly lie in the fact that, upon solvation in aprotic solvents (which encourages inter-base H-bonding 10 ), an equimolar mixture of A and T nucleosides associate to form a selection of base pairing motifs (cf. Figure 1 ): WC (1), reverse WC (2), Hoogsteen (3) and reverse Hoogsteen (4). 29 For solution-phase transient absorption methods, this behavior prevents extraction of information purely related to the biologically relevant WC structure, instead returning an ensemble observation of the dynamics from all four species.
Herein, we report the first TEAS and TVAS measurements on a chemically modified A•T WC base pair, solvated in chloroform solution, which eliminates formation of undesired Hoogsteen-type structures. Using this model A•T pair system, we gain the first experimental insights into whether EDPT is active in UV-excited A•T, and directly compare and contrast the findings from these results with our previous studies on G•C WC pairs in chloroform 14 and published theoretical work on A•T.
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Methods
A. Synthesis
The investigated T and 2'-deoxy-adenosine (dA) nucleosides were protected by bulky, apolar t-butyldimethylsilyl (TBDMS) groups to ensure a sufficient solubility in chloroform, henceforth simply termed T and dA. The synthesis has previously been described in detail. 14, 30 Synthesis and characterization of a chemically modified adenine derivative, 8-(t-butyl)-9-ethyl-adenine (8tBA - Figure 1 ), is described in detail in the online Supporting Information (SI).
B. Transient Absorption Spectroscopy
TEAS and TVAS experiments were performed using an apparatus that has been described previously. 31 The system consists of a regenerative amplifier (Coherent Legend Elite HE+), operating at 1 kHz and producing 40 fs pulses at 800 nm (5 W For TEAS, polarization of the WLC probe pulse was maintained at the magic angle (54.7°), relative to the UV pump pulse polarization by using a λ/2 waveplate in the 800 nm WLC seed beam line. After transmission through the sample, the WLC probe and signal was collimated and focused into a spectrograph (Andor, Shamrock 163) coupled to a 1024 element photodiode array (Entwicklungsbüro Stresing). The spectrometer can disperse 750 -260 nm probe wavelengths on the detector attaining a spectral resolution of ~0.5 nm. Prior to interaction with the sample, the UV pump beam was modulated at 500 Hz (blocking every other pulse) with an optical chopper wheel (Thorlabs, MC2000)
to obtain sequential pump on/off spectra pairs at each pump-probe time delay (t), which are required to generate the individual transient absorption spectra. Data acquisition and calculation of the transient absorption spectra at each t was carried out using a custom built LabVIEW program. t was controlled by changing the path length of the pump beam with an aluminum retro-reflector (PLX) mounted on a motorized 220 mm delay stage (Thorlabs, DDS220/M), providing a maximum possible delay of t = 1.3 ns.
Non-resonant two-color two-photon absorption measurements in D2O reveal an instrument response function (IRF) of ~110-120 fs in our TEAS measurements. 31 For TVAS, the IR probe was reflectively focused into the sample, so that the probed region of the sample was uniformly excited by the more loosely focused UV pump beam. After passing through the sample, the transmitted IR probe light was detected by a 128 pixel, liquid N2 cooled Mercury Cadmium Telluride array (Infrared Associates
Inc., MCT-10-128) coupled to a spectrometer (HORIBA Scientific, iHR320), providing a spectral resolution of ~2 cm -1 .
Sample solutions of 8tBA (c0 = 50 mM), dA (c0 = 50 mM), T (c0 = 50 mM) and equimolar mixtures of 8tBA and T (c0 = 50 mM) were prepared in anhydrous CHCl3 shown in Figure S1 . A polarizable continuum model (PCM) was used to capture the dielectric effects of the chloroform solvent. Harmonic frequencies were calculated and all simulated FTIR spectra were scaled by a factor of 0.983. Simulated vibrational spectra were constructed by convolution of the vibrational 'stick' spectra with Gaussian functions with 25 cm -1 full-width at half maximum in the carbonyl stretching region.
Our chosen method is benchmarked by comparing simulated FTIR spectra for the 8tBA•T pairs with the experimentally extracted FTIR spectrum (see Figure 4c ), which demonstrated good agreement between experiment and theory. Analogous theoretical methods were also used previously to model the photochemistry of G•C base pairs in chloroform. 14 
Results & Analysis
In order to remove contributions from Hoogsteen-type motifs, we synthesized a chemically modified derivative of adenine, 8-(t-butyl)-9-ethyl-adenine (8tBA). The presence of the bulky t-butyl group in the C8-position of 8tBA eliminates formation of Hoogsteen H-bonding configurations (3, 4) upon association with silyl-protected T nucleosides ( Figure 1 ). 33 Similar approaches to eliminating Hoogsteen structures in related A•U pairs were demonstrated previously, albeit with a more-perturbing, UVabsorbing phenyl ring in the C8-position. 34 The dominance of structures 1 and 2 for 8tBA•T pairs in chloroform is supported by DFT calculations, which we have used together with NMR and two-dimensional infrared spectroscopy to characterize our samples (see SI). This conclusion is highlighted in Table 1 , which shows the calculated (B3LYP/6-311++G**) Boltzmann populations at 298 K (PB) and relative energies (E)
for H-bonding configurations 1-4 of 8tBA•T, relative to A•T, in chloroform.
As shown for related systems in chloroform, 10, 35, 36 the propensity for 8tBA and T to propose that T1 may arise from evolution of the excited wavepacket out of the vertical Franck-Condon (vFC) region, 30 although undesired contributions from a multi-photon solvent-only response cannot be ruled out. 45 Analogous to earlier studies of aqueous T, Figure S10 ).
The majority of ESA decay for the 8tBA + T mixture in Figure 3d is captured by 8tBA dynamics (97%). Although a greater fraction of 8tBA•T pairs is initially promoted into a locally excited 1 *8tBA state (~60%, Figure S9 ) than to the corresponding 1 *T state localized on T, this alone cannot account for the dominance of 8tBA dynamics in Figure   3d . We suggest that ultrafast 1 *T → 1 *8tBA coupling in 8tBA•T is unlikely, as this state transition requires two electrons. Alternatively, if complexation of T with 8tBA
dramatically enhances ultrafast population transfer from 1 *T to 1 nO*T (cf. 17% in T monomers 30 ), the measured TEA spectra will be dominated by signal from 8tBA, given that 1 nO*T is optically dark to ESA. 30, 47 However, further verification of this hypothesis requires detailed computational studies, which are beyond the scope of this current study. Exponential kinetic fits in Figure 3e show that 8tBA monomers relax with time-constants of A1 = 337 ± 14 fs, A2 = 4.4 ± 0.8 ps and A3 ≥ 1.2 ns. In accord with earlier work on A, 31, 40, 41 A1 is attributed to the lifetime of the 1 *8tBA state, which is predicted to decay to S0 via a conical intersection involving out-of-plane ring distortion at the C2 site ( Figure 1 ). 6 Unlike 8tBA in chloroform though, time-constants on the order of picoseconds and nanoseconds were not reported previously for aqueous A. 40, 41 There are a number of possible origins for these additional time-constants, which we briefly discuss. First, given that similar dynamics were observed for silyl-protected dA and 8tBA in chloroform ( Figure S11) 30 There is also evidence that the imino tautomer of 8tBA is present in chloroform (8tBA*, Figure S12 ), which may alternatively be associated with A2; extended excited state lifetimes in minority nucleobase tautomers have been identified previously for 7H-adenine 31, 50, 51 and the imino tautomer of C. Figure S7 ). Instead, the most convincing assignment for the 1620 and 1720 cm -1 bands is simply to dynamics occurring in the residual 8tBA and T monomers. Figure 4e compares a t = 1.2 ns TVA spectrum of the equimolar mix (black), to those recorded in TVAS on 8tBA (red) and T (blue) monomers -see SI. 30 Within error, the sum of the 8tBA and T only spectra (dashed line) reproduces the observed 1.2 ns spectrum for the 8tBA + T mixture; residual differences may be due to incomplete recovery of 8tBA•T pairs, although a more detailed assignment would be unduly speculative. For T, we have recently assigned delayed appearance and build-up of features at 1720 and 1600-1650 cm -1 to 3 *T (T1) formation, 30 in-line with the kinetics ( = 16 ± 4 ps) of the 1720 cm -1 band here (Figure 4d ). For 8tBA, DFT calculations ( Figure S8 ) predict that product bands at 1620 and 1690 cm -1 likely arise from photo-induced 8tBA → 8tBA* tautomerization, 53 with the 1620 cm -1 feature giving rise to the observed long-time signal offset in the kinetic trace of the overlapping hot band at 1612 cm -1 (Figure 4d ).
Discussion
Previous TEAS and TVAS studies of WC G•C pairs provided compelling evidence for sequential EDPT dynamics. 14 together show that the corresponding G*•C* tautomer can be generated through a twostep EDPT mechanism and is subsequently stable on a timeframe of ≥ 1 ns. 14, 21, 28 In TEAS on G A number of prior computations collectively suggest that, for isolated A•T WC pairs, the 1 *CT state responsible for EDPT is significantly less stable in the vFC region, compared to G•C. 5, 6, 22, 23, 26 This behavior creates a ≤0.8 eV barrier to coupling from the adiabatic minimum of the lowest energy, locally excited 1 * state onto the 1 *CT surface, 5, 22, 23 hindering population of 1 *CT, and favoring ultrafast monomer-like relaxation pathways. 6, 27 Additionally, the calculated potential energy profile of 1 *CT along the EDPT coordinate of isolated A•T (cf. steps i and v, Figure 1 ) is purely repulsive, preventing any biradical species from being temporarily trapped en route to the 1 *CT/S0 conical intersection. 5, 22, 23, 27 Gas-phase spectroscopy measurements on A•T WC pairs are still required to confirm these predictions. 6 In contrast, computational modelling of A•T WC pairs in aqueous solution predicts significant stabilization of 1 *CT, becoming the lowest energy singlet excited state, and the formation of a local minimum in the vicinity of the biradical structure, prior to the 1 *CT/S0 conical intersection. 6, 26 When combined, these factors enhance the probability for UV-induced our TEAS measurements will be unable to resolve kinetically these dynamics in 8tBA•T (cf. IRF ~ 110 fs). It is therefore not possible for us to rule out completely the participation of ultrafast EDPT via pathways i and v.
Conclusions
Our present TEAS and TVAS measurements offer the first experimental insights into the UV-induced dynamics of a solvated A•T base pair, through the use of a chemically modified adenine derivative, 8tBA. With the potential caveat of a possible, but unobservable, ultrafast (sub-100 fs) EDPT mechanism, we propose that, unlike G 43, 44 ESA decay profiles at probe = 400 nm (circles) and kinetic fits (solid line) for (d) 8tBA + T, (e) 8tBA and (f) T. Data in (d) is fitted using a scaled linear sum of the independent kinetic fits to the T (dashed blue) and 8tBA (dashed red) monomer decay traces in (e) and (f). Grey lines in (e) and (f) show individual components of the tri-exponential fits to T ESA decay (T1 < 40 fs, T2 = 890 ± 40 fs, T3 ≥ 1.2 ns) and 8tBA ESA decay (A1 = 337 ± 14 fs, A2 = 4.4 ± 0.8 ps, A3 ≥ 1.2 ns). 
